We demonstrate a simple, scalable fabrication method for producing large-area arrays of vertically stacked metallic micro-rings, embedded in a deformable polymer sheet. Unusual polarisation-dependent hotspots are found to dominate the reflection images. To understand their origin, the arrays are characterized using point-scanning optical spectroscopy and directly compared to numerical simulations. Individual ring stacks act as microlenses, while polarisation-dependent hotspots arise at the connections between neighbouring stacks, which are comprised of parabolically-arranged parallel gold nanowires. The elastomeric properties of the polymer host opens the door to active control of the optics of this photonic material, through dynamic tuning of the nanowire spacings and array geometry.
Introduction
The optical properties of a material can be drastically modified by texturing its surface on the micro or nano scale. Anti-reflection coatings [1] [2] [3] , diffraction gratings, structural colour materials [4] [5] [6] [7] [8] [9] [10] , metasurfaces [11, 12] , micro-and nanolens arrays [13, 14] , and sensing substrates [15, 16] are just some of the examples in which surface structure generates optical functionality. Novel properties can also be engineered by combining two or more different materials into an artificial composite. In this context, elastomeric materials are of special interest, since they provide both the material conformability required for many emerging applications, and a mechanism for actively tuning the optical properties [17] [18] [19] [20] [21] [22] [23] [24] [25] . In this work, we develop metal-polymer composites with 3D surface relief, incorporating the mechanical flexibility of a deformable elastomer, with the desirable optical properties of a nanostructured metal. The resulting flexible photonic material comprises an array of vertically-stacked gold rings, embedded in a 3D nanostructured polydimethylsiloxane (PDMS) membrane. Light scattered by the metallic constituents, and its interaction with the sculpted surface, leads to the formation of polarisation-selective hotspots. The optical properties of the arrays are investigated using microscopy and spectroscopy as well as numerical simulations, which together reveal the origin of the unusual polarization-selective properties.
While there is a high demand for flexible photonic materials for many devices, such as sensors, structural colour coatings, security features and display technologies, these applications require simple and fast fabrication methods to enable mass production on a large scale. In this paper, we demonstrate a scalable route, suitable for the manufacture of largearea sheets of such photonic materials.
Sample design and fabrication
To produce samples with 3D surface relief over a large area in a scalable way, we utilise laser interference lithography (LIL), a mask-free photolithographic technique in which fringe patterns generated by interfering laser beams are recorded directly into a photoresist [26] . Using this method, periodic features can be inscribed across the illuminated region using exposures of just a few seconds, making LIL a viable route for rapid industrial manufacture on a large scale [27] [28] [29] [30] . As detailed below, this technique allows us to create arrays of 3D micron-high features with sub-100 nm intricate structure, that can be harnessed for photonics applications. We use gold coatings since the strong optical response of the plasmonic metal provides the maximum opportunity for effective local coupling of the optical fields.
The stacked gold ring arrays are fabricated in a three-step process, comprising: (1) preparation of 'eggbox' template structures in photoresist, (2) metal deposition onto the templates, and (3) transfer of the metallic arrays into the PDMS elastomer. The procedure is outlined in Fig. 1 
Template structure preparation
In the first step, template structures are prepared using laser interference lithography. A 2 µm layer of resist (AZ 5214 E) is spin-coated onto polished silicon substrates, and patterned using a pair of ultra-violet (405 nm) laser beams. The beams, which are s-polarised and incident at an angle of 10° to the sample's surface normal, are brought to overlap at the plane of the substrate ( Fig. 1(a) ). In this configuration, a 1D-periodic fringe pattern is generated with a grating constant of 1.5 µm, however this periodicity can be tuned from 300 nm up to several microns, simply by varying the angle beween the interfering beams. To produce a 2D-periodic array, a sequence of two exposures is employed, with a 90° rotation of the sample between illuminations. The resulting intensity pattern recorded into the resist is therefore the sum of the two exposures, plotted in the inset of Fig. 1(c) . When the photoresist is developed ( Fig.  1(b) ), this produces a square array of 'posts' and 'cups', as shown in Fig. 1(d) , with a topography reminiscent of an eggbox.
Gold deposition
The LIL eggbox structures feature highly corrugated sidewalls, as seen in Fig. 1(d) , which are essential for templating the vertically stacked rings. Corrugations arise from reflection of the LIL beams from the surface of the flat silicon substrate. Interference between the incident and reflected laser beams creates a standing wave in the resist layer, modulating the intensity pattern in the vertical direction [31] to create sidewall 'ribs' with a periodicity of 120 nm. Considerable effort is usually given to suppressing the standing wave effect in photolithographic techniques. However, it has also been demonstrated that ribbed sidewalls can prove useful for templating vertically-stacked structures [32] . In this work, we utilise such corrugation-templating to produce a novel 3D photonic structure with intriguing optical properties. The ribbed eggbox templates are metallised with electron-beam deposition of a 65 nm layer of gold, at normal incidence, designed to be ensure the stacked rings are not touching. As depicted in Fig. 1 (e), gold atoms land on the upper surface of the sidewall ribs, forming discrete layers of well-defined gold rings that are arranged in a highly ordered, vertically-aligned stack.
Transfer to PDMS
In the last step, the ring stack array is transferred into the surface of a PDMS membrane. A 10:1 mixture of base and curing agent (Sylgard 184, Dow Corning) is drop-cast onto the metallised templates, as shown in Fig. 1(f) , and cured at 70°C for 5 hours. Using acetone, the photoresist is dissolved from the membrane, releasing the PDMS from the Si substrate, and leaving the gold ring stacks embedded in the elastomer. The rings retain their vertical stacking in the surface of the polymer, creating a free-standing and deformable membrane, textured with an inverted eggbox lattice of stacked gold rings (Figs. 1(g) and 1(h)). Scanning electron micrographs (SEMs) of both the metallised template and its resulting ring stack array, are shown in Fig. 2 . The inverted impressions of the eggbox template 'posts', form square wells in the PDMS membrane, while the 'cups' of the eggbox produce an array of domed protrusions in the elastomer. The outer surface of each dome is stratified into layers of 65nm-thick gold rings. A side-view SEM of the ring stacks in Fig. 2(c) illustrates the vertical layering of the structure. The ring diameter increases with increasing depth into the membrane, and by the third layer from the surface, rings merge laterally into a connected mesh. Each ring stack is therefore joined to its neighbours on each side across the interconnections marked with yellow outlines in 
Optical properties

Polarisation-selective hotspots
The gold-PDMS composites are iridescent due to diffraction from the grating-like surface, and appear brightly coloured when the sample is deformed or viewed at an angle, as seen in Fig. 1(h) . At normal incidence the material appears gold to the unaided eye, however brightfield optical microscope images (Figs. 3(b) and 3(c)) reveal that the microscale surface features are strongly coloured. The ring stacks appear green, while intense red spots are observed at the connecting points between adjacent stacks. These 'hotspots' are polarisationsensitive, occuring only when the incident light is polarised orthogonally to the line connecting the stacks. An optical microscope image, with light polarised along the xdirection, is shown in Fig. 3(b) . In this case, it is the set of connections linking the rings along y which appear red, while the connections directed along x are dark. Conversely in Fig. 3(c) , in which incident light is y-polarised, it is the hotspots along the x-direction that are activated. It is therefore possible to selectively activate a set of hotspots either along x or along y, simply by switching the linear polarisation of the incident field.
Optical characterization
To understand the origin of these effects, the optical response of the structure is measured by polarisation-resolved point-scanning spectroscopy in a custom microscope. Samples are mounted on a translation stage with fine piezo control, and confocally illuminated in dark field configuration with a tightly-focussed white-light laser spot. A broadband polarising beamsplitter cube is used to separate each linear polarisation component of the collected light. Samples are hyperspectrally measured by scanning in along the x-and y-directions with steps of 50 nm, recording the scattered light spectrum at each spatial location. The scanned region of the sample spans several unit cells which are averaged together to produce a single low-noise data set. The mirror symmetry along the x and y axes was also exploited to average together the four quadrants of the unit cell.
The spectral response at the hotspot locations is plotted in Fig. 4(b) . When the hotspots are activated, the scattering spectrum is dominated by a peak at 660 nm, consistent with their strong red appearance in the microscope images. Meanwhile, the signals from the inactive hotspots in the orthogonal orientation are weak.
Intensity maps of the averaged unit cell, sliced at the peak hotspot wavelength of 660 nm, reconstruct the images seen directly in the microscope (Fig. 4(a) ). For clarity the data is tiled into a 2x2 array, displaying four connected ring stacks. The map confirms that the hotspots are located at the connection points between the stacks, and that the intense red scattering is seen only when light is polarised tangentially to the rings at the connection (indicated by solid yellow lines in Fig. 4(a) 
Numerical simulations
To numerically model the optical properties of the stacked ring arrays, a full 3D simulation of the unit cell is performed, using finite-difference time-domain (FDTD) calculations with periodic boundary conditions. The modelled structure, presented in Fig. 4(e) , is constructed based on geometrical information from SEM images of the samples, together with calculations of the interference pattern used to create the template structures. To mimic the collection of light at different focal heights in the microscope, the FDTD results extracted from the model's monitor plane are numerically propagated in z, by applying a phase factor in Fourier space. For comparison with the experimental results, Fig. 4(c) shows the calculated field intensity in xy for a wavelength of 660 nm, with the z-plane chosen as the focal plane of the hotspots at this wavelength. The numerical simulations closely reproduce both the spatial position and the spectral response of the hotspots, as well as their polarisation-sensitivity. They confirm that active hotspots are characterised by a strong peak at 660 nm, in agreement with experimental observations. We attribute this scattering peak and its polarisationdependence to antenna resonances excited by light polarised along the wire-like metallic connections, shown schematically in Fig. 5(a) , and discussed below. 
Focussing effects in ring stack arrays
Further insight into the formation of the hotspots is gained by considering the surface topography of the structure. Due to the wavelength-scale structuring of the surface, light scattered at different depths is strongly modulated by interference effects as it propagates, producing intricate patterns of the optical field that may be observed up to 8 µm above the membrane surface using white-light microscopy. These patterns are captured experimentally by scanning through the focus of the sample, recording images at a range of focal positions. The images, which each represent the optical field in xy in a given vertical plane, are stacked into a single data set reconstructing the field pattern in three dimensions. An xz slice through the 3D data set is shown in Fig. 5(c) , cut through a line of ring stacks and active hotspots marked as a dashed white line in Fig. 5(b) . Intense red spots are clearly observed, positioned directly above the membrane. The localisation of the spots is seen yet more clearly in Fig.  5(d) , where the average xz optical field pattern is plotted for two unit cells. A white dashed oval indicates the hotspot location. In addition, a spectrally broader 'green' spot is also observed, located above the centre of the rings (green dashed oval). We attribute both these to the focussing effect of the domed stacks, akin to microlensing phenomena reported in related structures [13, 34] . The observed optical pattern in the xz plane is in excellent agreement with numerical simulations. The calculated xz slice at the hotspot peak wavelength of 660 nm, shown in Fig.  5(e) , reproduces both the formation of focal spots above the stacks, and the polarisationdependent hotspots in the V-shaped recesses between adjacent ring stacks.
The formation of hotspots within the interconnections is attributed to the V-shaped vertical arrangement of the radiating nanowire antennas, sketched in Fig. 5(a) . This structure serves to concentrate the scattered light to an intense spot, much as a parabolic mirror produces a focus. The sub-micron focussing arrangement from the stack of parallel nanowires offers new possibilities for deformable optics, as the focal position depends on the the phase evolution of the light as it interacts with the ring structure, as well as the geometric arrangement of the nanowires that reradiate the light. 
Conclusion
In summary, we have developed a flexible photonic material with a novel microstructured surface, consisting of an array of metallic ring stacks in PDMS. The optical properties of the material were characterized by microscopy and point-scanning spectroscopy. Red hotspots are observed in the focal plane of the surface, located in the recesses between the ring stacks, and can be switched on or off according to the polarisation of the incident optical field. This nanofocussing phenomenon arises from the antenna-like behavior of parallel metallic wires at the interconnections. Due to the V-shaped geometrical arrangement of the wires, re-radiated light converges to focused spots. This deformable elastomeric material can be employed as a conformable coating, while the simple, scalable fabrication route is well-suited for industrial production. Preliminary measurements show that it can be elastomerically deformed, opening the possibility to tunable surfaces, which are beyond the scope of the current paper. However, the use of LIL to create 3D intricate surface nanostructures for confining and manipulating light is clearly demonstrated, and shows robust performance over wide areas.
